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standard tools in biology. In addition, the special optical
properties of microsphere resonators expressed by the high
quality factor (Q-factor) of whispering gallery modes (WGMs)
or morphology dependent resonances (MDRs) have attracted
the attention of the biophotonic community. Microsphere-
based biosensors are considered as powerful candidates to
achieve label-free recognition of single molecules due to the
high sensitivity of their WGMs. When the microsphere surface
is modified with biomolecules, the effective refractive index
and the effective size of the microsphere change resulting in a
resonant wavelength shift. The transverse electric (TE) and thetransverse magnetic (TM) elastic light scattering intensity of
electromagnetic waves at 600 and 1400 nm are numerically
calculated for DNA and unspecific binding of proteins to the
microsphere surface. The effect of changing the optical
properties was studied for diamond (refractive index 2.34),
glass (refractive index 1.50), and sapphire (refractive index
1.75) microspheres with a 50mm radius. The mode spacing, the
linewidth of WGMs, and the shift of resonant wavelength due to
the change in radius and refractive index, were analyzed by
numerical simulations. Preliminary results of unspecific bind-
ing of biomolecules are presented. The calculated shift in
WGMs can be used for biomolecules detection. 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1 Introduction The fundamental prerequisite for
biological functions is the detection and specific interactions
between proteins and other macromolecules within the cell
[1]. Nucleic acids’, e.g., DNA, modular structure enables the
cell to generate a wide variety of molecules with very
different binding specificities and thus, with a large variety
of possible interactions [1]. Biomolecules recognition
and DNA denaturation were studied by different types of
measurement setups such as elastic measurements at the
level of a single molecule [2], force-induced denaturation
[3], and by monitoring the denaturation dynamics in real-
time using impedance spectroscopy [4]. In addition, DNA
hybridization can be detected optically using ring resonators
[5], confocal microscopy [4], prism couplers [6], and
spherical cavities [1].A biosensor is composed of a modified solid surface
(transducer), single-stranded DNA immobilized onto the
surface (probe) for DNA sensing [or antibodies for protein
sensing], and a complementary single-stranded DNA
(target) hybridized to the probe DNA [or a target protein
for the antibody] [7]. The target DNA is used to study the
hybridization or denaturation physical properties of double-
stranded DNA. Confocal microscopy requires fluorescent
labeling for detection, which is time-consuming, complex
and expensive, and not suitable for rapid biophysical and
routine characterization tasks [8]. In addition, real-time
hybridization monitoring using confocal microscopy cannot
be performed, because it is hard to distinguish between
unbound targets in solution and those that have been
hybridized to the probe on the surface, as both will fluoresce, 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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spectroscopy (SERS) [10] and total internal reflection
fluorescence (TIRF) microscopy [11] behaves as an
amplifier for an otherwise undetectable single-molecule
signal, and also requires a prior knowledge of the target
molecule that must be modified to be compatible with the
label, which restricts an experiment’s scope [10]. As a result,
the demand for label-free biosensors has increased, and
different technologies have been developed such as fiber-
optic waveguides [12, 13]. Light is coupled through
these waveguides and an evanescent field extends beyond
the waveguide surface [5]. The analytes deposited onto the
surfaces of these fiber-optic waveguides lie in the path of
the evanescent field, and as a result they change the effective
refractive index of the guided mode [5]. Such waveguide
sensors are size-effective. For example, in order to achieve a
high signal and low detection limit, the waveguide must be of
the order of a few centimeters long, since the sensing signal
is accumulated along the waveguide [5]. Other non-optical
label-free biosensors that were accomplished recently, are
nanowires [14], nanoparticle probes [15], biochips [16],
mechanical cantilevers [17], and field-effect sensors [18, 19].
Optical microcavities such as ring resonators or
spherical resonators are promising optical label free detec-
tion setups [1, 20]. Recently, a silicon on insulator (SOI)
microring resonator for sensitive label free biosensing was
fabricated [21]. In addition, microring surface functionaliza-
tion and a detection limit of 0.37 fg avidin mass (3260
molecules) were established [22, 23]. In an optical micro-
cavity, the target molecules are sampled hundreds of times
due to the recirculation of light within the microcavity by
total internal reflection (TIR) [20]. The target molecule
induces a change on the optical microcavity properties such
as the size and refractive index, and as a result, a change in
the whispering gallery mode (WGM) resonant wavelength is
encountered [24].
In this article, a comparative theoretical study of an
optical biosensor concept based on elastic light scattering
from microspheres and the corresponding shift of WGMs,
after an add-on layer to the sphere, is performed. Besides of
the established photonic materials sapphire and glass,
diamond is included in our study due to its excellent stability
at elevated temperatures (commonly used in DNA-hybrid-
ization and denaturation studies), in a wide range of pH
values, and for the well-known covalent coupling procedures
[4, 7]. Consequently, diamond layers have been employed in
DNA sensors based on electronic- and thermal readout
principles [4, 25, 26], but its potential in photonic biosensing
still needs to be explored.Table 1 Physical properties of the sphere materials.
material glass
thermal expansion coefficient (K1) 7.1 106
thermal conductivity (W m1 K1) 1.114
hardness scale (Mohs) 6
www.pss-a.comAlthough diamond microspheres are not available
commercially, planar diamond ring resonators were recently
fabricated [27], and spherical diamond microshells can be
synthesized by plasma coating [28]. Sapphire and glass
spheres are readily available with diameters down to a few
micron. The most common technique to fabricate silica
microsphere resonators of several hundred microns diameter
is melting a tip of an optical fiber by a hydrogen flame or an
electric arc [29]. Glass spheres usually exhibit a perfectly
spherical geometry. Sapphire spheres are fabricated using
spherical indentors and the end surface is polished down to a
few nanometers of roughness [28]. Also sapphire spheres
show a perfect spherical geometry. Diamond indentors can
be fabricated as well, but the crystalline anisotropy is still a
limiting factor when aiming at a spherical symmetry [30].
The Q-factors of glass- and sapphire spheres are limited by
absorption [31, 32] while in case of diamond it would be
limited by diffraction [32].
Table 1 shows the physical properties of each material
including the thermal expansion [33], the thermal conduc-
tivity [33], and the scratch resistance [34]. Due to the fact that
sapphire and diamond have a higher thermal conductivity
and lower thermal expansion as compared to glass, both
materials appear favorable for use in optical biosensors
operating in a broader temperature regime. The theoretical
calculation of the expected resonant wavelength shifts will
be based on the generalized Lorenz–Mie theory (GLMT)
[35] and the detection mechanism will be analyzed. A
biosensor, based on this wavelength shift, can be sufficiently
sensitive to detect single molecules once properly designed
and optimized [20].
2 Detectionmechanism A single-mode optical fiber
(SMOF) half coupler can be used to couple an electromag-
netic wave from a continuous wave (CW) laser source to the
microsphere as illustrated in Fig. 1a. The laser wavelength
can be tuned to match the microsphere resonance, and as a
result the light couples from the optical fiber to the
microsphere. The electromagnetic wave is confined around
the inside surface of the microsphere by almost TIR [36], and
it evanesces partially into the surrounding medium [20].
As a result, the light will interact with the molecules,
once they are captured on the surface, on resonance [20]. The
electromagnetic wave circumnavigates the sphere and
returns back to its initial point in phase [36]. A periodic
circumnavigating wave in the sphere produces a series of
sharp peaks of morphology dependent resonances (MDRs)
as a function of the size parameter x¼ 2paN/l, where a is
the sphere radius, l the wavelength of the laser in vacuum,sapphire diamond
5.6 106 0.003 106
27.21 2600
9 10
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Figure 1 (a) Schematic geometry of the microsphere with a
biologically modified surface coupled to a half coupler optical fiber.
(b) Schematic of WGMs (l1 and l2) of same mode order and
consecutive mode number, and their shift due to the sphere’s surface
modification.and N the refractive index of the surrounding medium [36].
The system was modeled using the GLMT, which describes
the electromagnetic scattering of an arbitrary light beam by a
spherical microparticle [31]. Elastic scattering intensity
from the sphere and transmittance intensity at the output of
the optical fiber for transverse electric (TE) and transverse
magnetic (TM) polarization are calculated for diamond,
sapphire, and glass spheres before and after surface
modifications with biomolecules. Figure 1b shows the
excited resonances manifested due to the circumnavigating
light inside the sphere. Here,Dl represents the mode spacing
of consecutive resonances having the same mode order
(number of nodes or maxima of the intensity distribution in
the radial direction) and consecutive mode number (the
number of maxima between 0 and 1808 in the angular
intensity distribution of the mode; solid lines curve). Dl can
be calculated using equation [31]: 20Dl ¼ l
2 arc tan
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2  1
p
2paN
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2  1
p ; (1)where m is the relative refractive index of the sphere
(refractive index of the sphere/refractive index of the
surrounding medium), l the wavelength of the laser source12 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimin vacuum, N the refractive index of the surrounding
medium, and a is the sphere’s radius. A very important
resonant property is the linewidth (dl) and its respective
quality factor (Q). Q is given by the equation [31]Q ¼ l
dl
: (2)The WGM resonant wavelength is given by the equation [5]2paN  nl  2paN1; (3)
where n is the mode number, and N1 the refractive index of
the sphere. If the molecules are tethered onto the sphere’s
surface, these molecules will induce a change of the optical
properties of the sphere such as its effective size and
refractive index near the surface of the sphere. As a result,
the resonance wavelength will change further and result in
the phenomenon of resonant shift as shown by the dashed
lines in Fig. 1b [20]. The wavelength shift dlshift can be
calculated by the equation:dlshift
l
¼ da
a
þ dm
m
; (4)where da is the change in sphere radius, and dm is the
change in the relative refractive index due to the interaction
between the adsorbed molecules [24]. The quality factor is
inversely proportional to the resonance linewidth, and so
the narrower the linewidth, the higher the quality factor will
be and lower concentrations can be detected. Relating
Equations (2) and (4), the sensitivity to the size perturbation
as a function of the quality factor and resonance shift can be
calculated using the following equation:dlshift
dl
 1
Q
¼ da
a
þ dm
m
: (5)In addition, in order to determine low concentrations, it
is advantageous to utilize narrow linewidth laser sources,
which will result in high precision measurements.
3 Theoretical calculations Elastic light scattering
intensity and transmitted intensity calculations were per-
formed as depicted schematically in Fig. 1a. A transparent
flow cell with the optical fiber half coupler (OFHC) fixed at
its base can be used to host and to change the liquid medium
surrounding the sphere. Initially, a phosphate buffer saline
(PBS) solution (with a refractive index of 1.335 and pH of
7.2) is introduced in the flow cell. PBS is a typical electrolyte
frequently used in biosensing experiments. A diamond
sphere (with refractive index of 2.34, radius 50mm) is placed
on the OFHC inside the flow cell. The electromagnetic
scattering of an arbitrary light beam by the spherical particle
is described by the GLMT [35].
For the calculations, a Gaussian beam with an infinite
skirt length and a beam waist (the point along the laser
propagation direction where the beam radius is minimum)
with a half-width of 5mm is assumed in the OFHC.
The Gaussian beam propagates just at the edge of thewww.pss-a.com
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Figure 2 (a) Calculated TE polarized elastic scattering and trans-
mitted spectra for a diamond sphere at 600 nm. (b) Calculated TM
polarized elastic scattering and transmitted spectra for a diamond
sphere at 600 nm.microsphere [37]. The distance between the center of the
sphere and the center of the OFHC (b) should satisfy the
inequality (a bma) in order to achieve the WGM
resonances excitation [38], where b is the impact parameter.
Figures 2a and b represent the calculated TE and TM elastic
scattering at 908 and the transmitted intensity from a
diamond sphere of radius of 50mm and relative index of
refraction m¼ 1.75 (surface not modified with biomole-
cules) using the GLMT in the wavelength range from 600 to
600.7 nm and with a step size of 3.9 fm. The reason to choose
a wavelength of 600 nm is that diamond, glass, and sapphire
are completely transparent at this wavelength, while DNA
molecules show only little light absorption.
For every maximum in the elastic scattering spectrum,
there is a corresponding minimum in the transmittance
spectrum. The minima in the transmittance spectrum
correspond to the quantity of light coupled from the fiber
into the sphere. The mode spacing (Dl) was found to be
0.57 nm, which correlates well with the calculated value
(Dl¼ 0.57 nm) obtained from Equation (1). The linewidth
(dl) of the resonances is about 8.16 105 nm, which
corresponds to a quality factor Q of 7.35 106 (using
Eq. (2)). A smaller step size will correspond to a narrower
linewidth, and more resonances can be observed.
The case of add-on layers of biomolecules adsorbed
or functionalized onto the surface of the sphere is alsowww.pss-a.comanalyzed. The calculation is carried out for a diamond
sphere (a¼ 50mm, m¼ 1.75), a glass sphere (a¼ 50mm,
m¼ 1.12), and a sapphire sphere (a¼ 50mm,m¼ 1.27). The
covalent functionalization of diamond with probe DNA can
be done photochemically using fatty-acids in combination
with the zero-length crosslinker EDC (1-ethyl-3-[3-
dimethylamino-propyl]-carbodiimide) or, in the case of
glass, along the silane route [7, 25]. The covalent
functionalization of sapphire with DNA is still under
development. For the diamond sphere, the add-on layer of
biomolecules effect on the WGM resonances is analyzed at
the transmitted region in the TE and TM polarization and
in the wavelength range 600–600.7 nm. PBS absorbs less in
the 650 nm wavelength range, and has a refractive index
close to that of glass and sapphire. As a result, it is favorable
to work in the visible wavelength range, as there will be less
absorption of light by the medium, and a higher signal is
expected from the interaction of biomolecules with the
microsphere. In addition, since glass and sapphire are also
transparent in the visible and infrared wavelength ranges,
the calculation is repeated for a glass and sapphire micro-
sphere with an add-on layer of biomolecules. The effect of
the add-on layer of biomolecules on glass spheres is analyzed
for the scattering angle of 908 in the wavelength range of
600–600.7 nm, and for the TE and TM polarization of light.
In order to broaden the analysis to the infrared wavelength
range, the effect of the add-on biomolecular layer on
sapphire spheres is analyzed for the transmitted intensity in
the wavelength range of 1400–1403.1 nm, again for the TE
and TM polarization of light. The radius of the diamond,
glass, and sapphire sphere without the add-on layer is
considered to be 50 and 50.01mm with the add-on layer. For
example, 1 base pair (bp) DNA has a length of 0.33 nm. As a
result, if a DNA strand of 30 bp is functionalized on the
sphere, then approximately an increase of 0.01mm (0.02%)
in the sphere’s radius will be encountered. An increase of
0.001 (0.05%) in the mean refractive index of the diamond,
glass, and sapphire is assumed [6].
Figure 3a represents the calculated TE-polarized
transmitted spectra and Fig. 3b represents the calculated
TM-polarized elastic scattering spectra for diamond and
functionalized diamond sphere in the wavelength range
from 600 to 600.7 nm. The diamond sphere has a radius
of 50mm and relative refractive index of 1.75, while the
radius and relative refractive index of the functionalized
diamond sphere is 50.01mm and 1.751, respectively. The
TE-polarized and the TM-polarized simulation spectra
were calculated for a change of 0.01mm in the radius
and a change of 103 in the refractive index of the
diamond sphere due to the surface modification with
biomolecules. As a result, the resonances were red-shifted
by 0.46 nm (0.077%), which correlates well with the
size (0.02%) and index shift of the sphere (0.057%)
calculated using Eq. (4). The observed shift corresponds
to more than 5600 times the resonance linewidth, which
supports the possibility of identifying low concentrations
of biomolecules. 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 (a) Calculated TE transmitted spectra for diamond and
functionalized diamond microsphere at 600.7 nm. (b) Calculated
TM polarized transmitted spectra for diamond and functionalized
diamond microsphere at 600 nm.
Figure 4 (a) Calculated TE polarized spectra for glass and
functionalized glass microsphere at 600 nm. (b) Calculated TM
polarized spectra for glass and functionalized glass microsphere
at 600 nm.The change in the radius and in the refractive index of a
glass sphere due to surface modification is analyzed for
the TE-polarized elastic scattering intensity (Fig. 4a) and
TM-polarized elastic scattering intensity (Fig. 4b) in the
wavelength range between 600 and 600.7 nm.
As a result, the WGM resonance positions were red-
shifted by 0.64 nm (0.107%) in the TE-polarized elastic
scattering intensity and 0.64 nm (0.107%) in the TM-
polarized light elastic scattering intensity. The shifted values
correlate well with the size and refractive index change
proposed due to sphere surface modifications (0.107%)
calculated using Eq. (4). The linewidth of the resonances is
5.19 105 nm, which corresponds to a quality factor of
1.16 107. The observed shift is about 12 300 times the
resonance linewidth.
Finally, we address sapphire, being the second hardest
material next to diamond. Synthetic sapphire is used for
implant materials such as hip implants, since it shows an
outstanding chemical inertness, wear resistance, and bio-
compatibility [39]. Moreover, it has a wide optical
transmission band from ultraviolet (UV) to near-infrared
(near-IR) [40].
Figure 5a represents the calculated TE-polarized trans-
mitted spectra and Fig. 5b represents the calculated TM-
polarized elastic scattering spectra for sapphire and functio-
nalized sapphire sphere in the wavelength range 1400 to 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1403.1 nm. The sapphire sphere has a radius of 50mm
and relative refractive index of 1.31, while the radius and
relative refractive index of the functionalized sapphire
sphere are 50.01mm and 1.311, respectively. As a result,
the resonances were red-shifted by 1.34 nm (0.096%),
which correlates well with the size and index shift of the
sphere (0.096%) calculated using Eq. (4). The line-width of
the resonances is 2.14 104 nm, which corresponds to a
quality factor of 6.54 106. The observed spectral shift is
around 6300 times the resonance linewidth, which is also in
favor of the possibility of identifying low concentrations of
biomolecules.
Table 2 summarizes the calculated results for each
sphere material in relation to sensitivity to size perturbation
and refractive index perturbation. The shift in the resonant
wavelength of glass due to the modification with DNA
at 600 nm laser source wavelength corresponds to about
12 300 times the linewidth of the resonance. This is more
pronounced than in the case of diamond (5637 dl) at the
given wavelength of 600 nm. This is due to the fact that glass
has a relative refractive index of 1.12 which is close to 1,
while diamond has a relative refractive index of 1.75.
Sapphire is analyzed at 1400 nm, and the shift in resonant
wavelength due to modification with DNA is about 0.096%.
This small shift is due to the fact that the relative refractive
index of sapphire is 1.31. The resonant shift for sapphirewww.pss-a.com
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Figure 5 (a) Calculated TE polarized spectra for sapphire and
functionalized sapphire microsphere at 1400 nm. (b) Calculated
TM polarized spectra for sapphire and functionalized sapphire
microsphere at 1400 nm.modified with DNA at 600 nm was also analyzed (data not
shown) resulting in a resonant wavelength shift correspond-
ing to about 10 250 times the resonant linewidth. This
wavelength shift is close to that of glass in agreement with
the fact that the relative refractive index of sapphire (is 1.31)
is only slightly higher than that of glass. As a result, glass and
sapphire show a very similar resonant shift due to surface
modification with DNA at 600 nm.
As for the surface perturbations, as long as the Q-factor
of the WGMs is not sensitive to those perturbations, that
mode can be used for the spectral measurements. Therefore
choosing a low Q-factor (106) second order WGM might beTable 2 Summary of the calculated results.
material glass
m 1.12
l (nm) 600
dl (nm) 5.19 105
Q-factor 1.16 107
dlshift (nm) 0.64
% dlshift (TE) 0.107
% dlshift (TM) 0.107
dlshift/dl 12 331
www.pss-a.combetter than choosing a high Q-factor (109) first order mode
for the spectral measurements [41].
In case of denaturation of DNA, it is expected that a blue
shift in resonances will occur because single-stranded DNA
has a smaller index of refraction than double stranded DNA
[6]. Naturally, if the sphere surface was initially modified
with single stranded DNA followed by hybridization with
its complementary DNA strand, then a red shift in the
resonances wavelength is to be expected. Furthermore,
the sensor concept may also serve for the specific recognition
of proteins by immobilizing antibodies onto the spheres.
Since antibodies are proteins as well the most important
effect is an increase of the radius of the sphere upon binding
of the target proteins and therefore a red shift in the WGM
resonances should occur.
4 Conclusions A concept for a label-free photonic
biosensor was proposed with possible applications in the
identification of biomolecules and in the observation of
hybridization and denaturation of DNA. TE- and TM-
polarized elastic light scattering and transmitted intensity
from diamond-, glass-, and sapphire spheres were analyzed
in the wavelength range 600 nm. In case of sapphire, the
elastic light scattering intensities were also analyzed in the
wavelength regime of 1400 nm. The resonance shift due to
the sphere-surface modification was calculated and analyzed
for several values of the size and relative refractive indices.
The calculations showed that an optical biosensor based on
spherical cavities is a good candidate for biomolecules
identification and DNA hybridization and denaturation. The
shift in resonances can be analyzed from the transmission
signal of the optical fiber or from the elastic scattering
intensity at 908 from the sphere. The chemical inertness,
stability at elevated temperatures, biocompatibility, and
excellent thermal conductivity of sapphire and diamond can
be exploited in the development of biosensors. There is no
technique for diamond spheres yet, but the microshells
should be a good starting point. The anisotropy of sapphire is
much weaker than diamond, and as a result sapphire can be
shaped into a nearly perfect sphere. For a resonant linewidth
of the order 105 nm at 600 nm, the modified glass and
sapphire spheres had a spectral shift of 104 times the resonant
linewidth, and the modified diamond sphere has spectral shift
of 5 103 times the resonant linewidth. Since sapphire andsapphire diamond
1.31 1.75
600 1400 600
5.56 105 2.14 104 8.16 105
1.08 107 6.54 106 7.35 106
0.57 1.34 0.46
0.095 0.096 0.077
0.095 0.096 0.077
10 251 6261 5637
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resonant linewidth, sapphire can be considered an interesting
alternative to glass biophotonic sensors. In summary, the
diamond, sapphire, and glass microcavity based sensor can
be used to study the kinetics and other physical properties of
DNA and protein molecules.
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